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At present, the measurements of some observables in B → K∗µ+µ− and B0s → φµ+µ− decays,
and of RK(∗) ≡ B(B → K(∗)µ+µ−)/B(B → K(∗)e+e−), are in disagreement with the predictions of
the standard model. While most of these discrepancies can be removed with the addition of new
physics (NP) in b → sµ+µ−, a difference of >∼ 1.7σ still remains in the measurement of RK∗ at
small values of q2, the dilepton invariant mass-squared. In the context of a global fit, this is not a
problem. However, it does raise the question: if the true value of RlowK∗ is near its measured value,
what is required to explain it? In this paper, we show that, if one includes NP in b→ se+e−, one can
generate values for RlowK∗ that are within ∼ 1σ of its measured value. Using a model-independent,
effective-field-theory approach, we construct many different possible NP scenarios. We also examine
specific models containing leptoquarks or a Z′ gauge boson. Here, additional constraints from
lepton-flavour-violating observables, B0s -B¯
0
s mixing and neutrino trident production must be taken
into account, but we still find a number of viable NP scenarios. For the various scenarios, we
examine the predictions for RK(∗) in other q
2 bins, as well as for the observable Q5 ≡ P ′µµ5 − P ′ee5 .
I. INTRODUCTION
At the present time, there are a number of measurements of B-decay processes that are in disagreement with the
predictions of the standard model (SM). Two of these processes are governed by b→ sµ+µ−: there are discrepancies
with the SM in several observables in B → K∗µ+µ− [1–5] and B0s → φµ+µ− [6, 7] decays. There are two other
observables that exhibit lepton-flavour-universality violation, involving b → sµ+µ− and b → se+e−: RK ≡ B(B+ →
K+µ+µ−)/B(B+ → K+e+e−) [8] and RK∗ ≡ B(B0 → K∗0µ+µ−)/B(B0 → K∗0e+e−) [9]. Combining the various
b→ s`+`− observables, analyses have found that the net discrepancy with the SM is at the level of 4-6σ [10–17].
All observables involve b→ sµ+µ−. For this reason, it is natural to consider the possibility of new physics (NP) in
this decay. The b→ sµ+µ− transitions are defined via an effective Hamiltonian with vector and axial vector operators:
Heff = −αGF√
2pi
VtbV
∗
ts
∑
a=9,10
(CaOa + C
′
aO
′
a) ,
O9(10) = [s¯γµPLb][µ¯γ
µ(γ5)µ] , (1)
where the Vij are elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and the primed operators are obtained
by replacing L with R. The Wilson coefficients (WCs) include both the SM and NP contributions: CX = CX,SM +
CX,NP. It is found that, if the values of the WCs obey one of two scenarios
1 – (i) Cµµ9,NP = −1.20 ± 0.20 or (ii)
Cµµ9,NP = −Cµµ10,NP = −0.62± 0.14 – the data can all be explained.
In fact, this is not entirely true. RK∗ has been measured in two different ranges of q
2, the dilepton invariant
mass-squared [9]:
RexptK∗ = 0.660
+0.110
−0.070 (stat)± 0.024 (syst) , 0.045 ≤ q2 ≤ 1.1 GeV2 ,
RexptK∗ = 0.685
+0.113
−0.069 (stat)± 0.047 (syst) , 1.1 ≤ q2 ≤ 6.0 GeV2 . (2)
We refer to these observables as RlowK∗ and R
cen
K∗ , respectively. At low q
2, the mass difference between muons and
electrons is non-negligible [18], so that the SM predicts Rlow,SMK∗ ' 0.93 [19]. For central values of q2 (or larger), the
prediction is Rcen,SMK∗ ' 1. The deviation from the SM is then ∼ 2.4σ (RlowK∗ ) or ∼ 2.5σ (RcenK∗ ). Assuming NP is
present in b → sµ+µ−, one can compute the predictions of scenarios (i) and (ii) for the value of RK∗ in each of the
two q2 bins. These are
(i) Cµµ9,NP = −1.20± 0.20 : RlowK∗ = (0.89) 0.89 , RcenK∗ = (0.81) 0.83 ,
(ii) Cµµ9,NP = −Cµµ10,NP = −0.62± 0.14 : RlowK∗ = (0.84) 0.85 , RcenK∗ = (0.67) 0.73 . (3)
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1 These numbers are taken from Ref. [17]. Other analyses find similar results.
ar
X
iv
:1
90
1.
04
51
6v
3 
 [h
ep
-p
h]
  1
2 A
pr
 20
19
In each line above, the final number is the predicted value of the observable for the best-fit value of the WCs in the
given scenario. The number to the left of it (in parentheses) is the smallest predicted value of the observable within
the 1σ (68% C.L.) range of the WCs. We see that the experimental value of RcenK∗ can be accounted for [though
scenario (ii) is better than scenario (i)]. On the other hand, the experimental value of RlowK∗ cannot – both scenario
predict considerably larger values than what is observed.
Now, scenarios (i) and (ii) are the simplest solutions, in that only one NP WC (or combination of WCs) is nonzero.
However, one might suspect that the problems with RlowK∗ could be improved if more than one WC were allowed to be
nonzero. With this in mind, we consider scenario (iii), in which Cµµ9,NP and C
µµ
10,NP are allowed to vary independently.
The best-fit values of the WCs, as well as the prediction for RlowK∗ , are found to be
(iii) Cµµ9,NP = −1.10± 0.20 , Cµµ10,NP = 0.28± 0.17 : RlowK∗ = (0.85) 0.87 . (4)
(Note that the errors on the WCs are highly correlated.) The number in parentheses is the smallest predicted value
of RlowK∗ within the 68% C.L. region in the space of C
µµ
9,NP and C
µµ
10,NP. We see that the predicted value of R
low
K∗ is not
much different from that of scenarios (i) and (ii). Evidently, NP in Cµµ9,NP and/or C
µµ
10,NP does not lead to a sizeable
effect on RlowK∗ .
What about if other WCs are nonzero? In scenario (iv), four WCs – Cµµ9,NP, C
µµ
10,NP C
′µµ
9,NP, and C
′µµ
10,NP – are allowed
to be nonzero. We find the best-fit values of the WCs and the prediction for RlowK∗ to be
(iv)Cµµ9,NP = −1.10± 0.22 , Cµµ10,NP = 0.28± 0.17 , (5)
C ′µµ9,NP = 0.11± 0.45 , C ′µµ10,NP = −0.21± 0.30 : RlowK∗ = (0.83) 0.85 .
Here the smallest predicted value of RlowK∗ (the number in parentheses) is computed as follows. In scenarios (i)-(iii),
we have determined that varying Cµµ9,NP and C
µµ
10,NP does not significantly affect R
low
K∗ . Thus, for simplicity, we set
these WCs equal to their best-fit values. The smallest predicted value of RlowK∗ is then found by scanning the 68% C.L.
region in C ′µµ9,NP-C
′µµ
10,NP space. But even in this case, the predicted value of R
low
K∗ is still quite a bit larger than the
measured value. This leads us to conclude that if there is NP only in b→ sµ+µ−, RlowK∗ ≥ 0.83 is predicted, which is
more than 1.5σ above its measured value2.
Of course, when one tries to simultaneously explain a number of different observables, it is not necessary that
every experimental result be reproduced within 1σ. As long as the overall fit has χ2min/d.o.f. ∼ 1, it is considered
acceptable. This is indeed what is found in the analyses in which NP is assumed to be only in b → sµ+µ− [10–17].
Still, this raises the question: suppose that the true value of RlowK∗ is near its measured value. What is required to
explain it?
This has been explored in a few papers. In Refs. [20, 21], it is argued that RlowK∗ cannot be explained by new
short-distance interactions, so that a very light mediator is required, with a mass in the 1-100 MeV range. And
in Ref. [22], it is said that RlowK∗ cannot be reproduced with only vector and axial vector operators, leading to the
suggestion of tensor operators. In the present paper, we show that, in fact, one can generate a value for RlowK∗ near its
measured value with short-range interactions involving vector and axial vector operators.
To be specific, we show that, if there are NP contributions to b → se+e−, one can account for RlowK∗ .3 Using a
model-independent, effective-field-theory approach, we find that there are quite a few scenarios involving various NP
WCs in b → sµ+µ− and b → se+e− in which a value for RlowK∗ can be generated that is larger than its measured
value, but within ∼ 1σ. Indeed, if there is NP in b→ sµ+µ−, it is not a stretch to imagine that it also contributes to
b → se+e−. We consider the most common types of NP models that have been proposed to explain the b→ sµ+µ−
anomalies – those containing leptoquarks or a Z ′ gauge boson – and find that, if they are allowed to contribute to
b→ se+e−, the measured value of RlowK∗ can be accounted for (within ∼ 1σ).
In scenario (ii) above, Cµµ9,NP = −Cµµ10,NP, so the NP couples only to the left-handed (LH) quarks and µ. This is a
popular scenario, and many models have been constructed that have purely LH couplings. However, we find that, if
the NP couplings in b→ se+e− are also purely LH, RlowK∗ can not be explained – couplings involving the right-handed
(RH) quarks and/or leptons must be involved.
One feature of this type of NP is that it is independent of q2. Thus, if the b → se+e− WCs are affected in a way
that lowers the value of RlowK∗ compared to what is found if the NP affects only b→ sµ+µ−, the value of RcenK∗ is also
2 We note that, if all four WCs (Cµµ9,10,NP, C
′µµ
9,10,NP) are allowed to vary, one can generate a smaller value of R
low
K∗ , 0.81. This is due only
to the fact that the allowed region in the space of WCs is considerably larger: when one varies two parameters, the 68% C.L. region is
defined by χ2 ≤ χ2min + 2.3, whereas when one varies four parameters, it is χ2 ≤ χ2min + 4.72.
3 NP in b → se+e− has also been considered in some previous studies. In Refs. [10, 11, 14], it is found that the RK(∗) data can be
explained by NP in b→ sµ+µ− or b→ se+e−. A more complete analysis, similar to that performed in the present paper, is carried out
in Ref. [15]. However, there they do not focus on RlowK∗ .
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Observables q2 (GeV2) Measurement
P ′e4 [0.1-4.0] 0.34
+0.41
−0.45 ± 0.11 [25]
P ′e5 [0.1-4.0] 0.51
+0.39
−0.46 ± 0.09 [25]
P ′e4 [1.0-6.0] −0.72+0.40−0.39 ± 0.06 [25]
P ′e5 [1.0-6.0] −0.22+0.39−0.41 ± 0.03 [25]
P ′e4 [14.18-19.0] −0.15+0.41−0.40 ± 0.04 [25]
P ′e5 [14.18-19.0] −0.91+0.36−0.30 ± 0.03 [25]
dB
dq2
(B0 → K∗e+e−) [0.001-1.0] (3.1+0.9−0.8 ± 0.2)× 10−7 [26]
FL(B
0 → K∗e+e−) [0.002-1.12] 0.16± 0.06± 0.03 [27]
B(B → Xse+e−) [1.0-6.0] (1.93+0.47+0.21−0.45−0.16 ± 0.18)× 10−6 [28]
B(B → Xse+e−) [14.2-25.0] (0.56+0.19+0.03−0.18−0.03)× 10−6 [28]
dB
dq2
(B+ → K+e+e−) [1.0-6.0] (0.312+0.038+0.012−0.030−0.008)× 10−7 [8]
TABLE I. Measured b→ se+e− observables.
lowered. We generally find that, if the true value of RlowK∗ is ∼ 1σ above its present measured value, the true value of
RcenK∗ will be found to be ∼ 1σ below its present measured value. This is a prediction of this NP explanation.
As noted above, there are a number of scenarios involving different sets of b → sµ+µ− and b → se+e− NP WCs
in which RlowK∗ can be explained. Since NP in b→ se+e− is independent of q2, each of these scenarios makes specific
predictions for the values of RK∗ and RK in other q
2 bins. Furthermore, a future precise measurement of the LFUV
observable Q5 ≡ P ′µµ5 − P ′ee5 will help to distinguish the various scenarios.
The observables in B → K∗µ+µ− and B0s → φµ+µ− are Lepton-Flavour Dependent (LFD), while RK and RK∗ are
Lepton-Flavour-Universality-Violating (LFUV) observables. If one assumes NP only in b → sµ+µ−, one uses LFUV
NP to explain both LFD and LFUV observables. Recently, in Ref. [24], Lepton-Flavour-Universal (LFU) NP was
added. The LFUV observables are then explained by the LFUV NP, while the LFD observables are explained by
LFUV + LFU NP. Our scenarios, with NP in b→ sµ+µ− and b→ se+e−, can be translated into LFUV + LFU NP,
and vice-versa. As we will see, the two ways of categorizing the NP are complementary to one another.
We begin in Sec. 2 with a detailed discussion of how the addition of NP in b → se+e− can explain RlowK∗ . We
construct a number of different scenarios using both a model-independent, effective-field-theory approach, and within
specific models involving leptoquarks or a Z ′ gauge boson. In Sec. 3, we examine the predictions of the various
scenarios for RK(∗) and Q5, and compare NP in b → sµ+µ− and b → se+e− to LFUV + LFU NP. We conclude in
Sec. 4.
II. NP IN b→ sµ+µ− AND b→ se+e−
We repeat the fit, but allowing for NP in both b→ sµ+µ− and b→ se+e− transitions. The b→ sµ+µ− observables
used in the fit are given in Ref. [17]. The b→ se+e− observables that have been measured are given in Table I [23].
In this Table, we see that most observables have sizeable errors. The one exception is dBdq2 (B
+ → K+e+e−), but here
the theoretical uncertainties are significant. The net effect is that NP in b → se+e− is rather less constrained than
NP in b→ sµ+µ−.
Note that P ′e4 and P
′e
5 have been measured in two different ranges of q
2, [0.1-4.0] GeV2 and [1.0-6.0] GeV2. These
regions overlap, so including both measurements in the fit would be double counting. Since we are interested in the
predictions for RlowK∗ , in the fit we use the observables for q
2 in the lower range, [0.1-4.0] GeV2. However, we have
verified that the results are little changed if we use the observables for q2 in the other range, [1.0-6.0] GeV2.
The fit can be done in two different ways. First, there is the model-independent, effective-field-theory approach.
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Here, the NP WCs are all taken to be independent. The fit is performed simply assuming that certain WCs in
b → sµ+µ− and b → se+e− transitions are nonzero, without addressing what the underlying NP model might be.
Second, in the model-dependent approach, the fit is performed in the context of a specific model. Since the NP
WCs are all functions of the model parameters, there may be relations among the WCs, i.e., they may not all be
independent. Furthermore, there may be additional constraints on the model parameters due to other processes. Each
approach has certain advantages, and, in the subsections below, we consider both of them.
II.1. Model-independent Analysis
In this subsection, we examine several different cases with m + n NP WCs, where m and n are respectively the
number of independent NP WCs (or combinations of WCs) in b→ sµ+µ− and b→ se+e−. For each case, we find the
best-fit values of the NP WCs, and compute the prediction for RlowK∗ .
II.1.1. Cases with 1 + 1 NP WCs
Here we consider the simplest case, in which there is one nonzero NP WC (or combination of WCs) in each of
b → sµ+µ− and b → se+e−. We are looking for scenarios that satisfy the following condition: if one varies the NP
WCs within their 68% C.L.-allowed region (taking into accout the fact that the errors on the WCs are correlated),
one can generate a value for RlowK∗ that is within ∼ 1σ of its measured value.
Although many of the scenarios we examined do not satisfy this conditon, we found several that do. They are
presented in the first four entries of Table II. In each scenario, the right-hand number in the RlowK∗ column is its
predicted value for the best-fit value of the WCs. The number in parentheses to the left is the smallest predicted
value of RlowK∗ within the 1σ (68% C.L.) range of the WCs. The R
cen
K∗ and RK columns are similar, except that the
numbers in parentheses are the values of RcenK∗ and RK evaluated at the point that yields the smallest value of R
low
K∗ .
We also examine how much better than the SM each scenario is at explaining the data. This is done by computing
the pull =
√
χ2SM − χ2SM+NP , evaluated using the best-fit values of the WCs.
In all four scenarios, the addition of NP in b → se+e− makes it possible to produce a value of RlowK∗ roughly 1σ
above its measured value, which is an improvement on the situation where the NP affects only b→ sµ+µ−. As noted
in the introduction, this type of NP is independent of q2, so that, if one adds NP to b→ se+e− in a way that lowers
the predicted value of RlowK∗ , it will also lower the predicted value of R
cen
K∗ . Indeed, we see that the values of the NP
WCs that produce a better value of RlowK∗ also lead to a value of R
cen
K∗ that is roughly 1σ below its measured value.
This is then a prediction: if the true value of RlowK∗ is near its measured value, and if this is due to NP in b→ se+e−,
the true value of RcenK∗ will be found to be below its measured value.
Note that this behaviour does not apply to RK . Its measured value is [8]
RexptK = 0.745
+0.090
−0.074 (stat)± 0.036 (syst) , (6)
which differs from the SM prediction of RSMK = 1± 0.01 [29] by 2.6σ. In all scenarios, the value of RexptK is accounted
for, and this changes little if one uses the central values of the NP WCs or the values that lead to a lower RlowK∗ .
The pulls for all four scenarios are sizeable and roughly equal. It must be stressed that the values of pulls are strongly
dependent on how the analysis is done: what observables are included, how theoretical errors are treated, which form
factors are used, etc. For this reason one must be very careful in comparing pulls found in different analyses. On the
other hand, comparing the pulls of various scenarios within a single analysis may be illuminating. With this in mind,
consider again scenarios (i) and (ii) [Eq. (3)], and compare them with scenarios S3 and S1, respectively, of Table II.
Below we present the pulls of (i) and (ii)4, and repeat some information given previously, in order to facilitate the
4 In Ref. [30], using only b → sµ+µ− data (i.e., RK(∗) data was not included), the pulls of (i) and (ii) were found to be 5.2 and 4.8,
respectively. Using the same method of analysis, we added the RK(∗) data and found that the pulls were increased to 6.2 and 6.3,
respectively.
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NP in b→ sµ+µ− NP in b→ se+e− RlowK∗ RcenK∗ RK Pull
S1 Cµµ9,NP = −Cµµ10,NP Cee10,NP = −C
′ee
10,NP
= −0.57± 0.09 = −0.25± 0.27 (0.76) 0.82 (0.54) 0.66 (0.76) 0.74 6.5
S2 Cµµ9,NP = −C
′µµ
9,NP C
′ee
9,NP = C
′ee
10,NP
= −0.95± 0.17 = −1.7± 0.30 (0.75) 0.82 (0.52) 0.65 (0.77) 0.82 6.5
S3 Cµµ9,NP C
ee
9,NP = −C
′ee
9,NP
= −1.10± 0.17 = 0.52± 0.31 (0.78) 0.83 (0.58) 0.68 (0.77) 0.77 6.6
S4 Cµµ9,NP C
ee
10,NP = −C
′ee
10,NP
= −1.06± 0.17 = −0.44± 0.26 (0.78) 0.82 (0.58) 0.67 (0.77) 0.78 6.7
S5 Cµµ9,NP = −Cµµ10,NP Cee9,NP = Cee10,NP
= −0.51± 0.12 = −0.66± 0.55 (0.80) 0.83 (0.64) 0.70 (0.70) 0.74 6.4
S6 Cµµ9,NP = −Cµµ10,NP C′ee9,NP = C′ee10,NP
= −0.64± 0.10 = 0.42± 0.89 (0.81) 0.85 (0.64) 0.70 (0.68) 0.71 6.3
S7 Cµµ9,NP = −Cµµ10,NP Cee9,NP = −Cee10,NP
= −0.65± 0.12 = −0.06± 0.18 (0.85) 0.86 (0.73) 0.74 (0.73) 0.73 6.4
TABLE II. Scenarios with one nonzero NP WC (or combination of WCs) in each of b → sµ+µ− and b → se+e−, and their
predictions for RlowK∗ , R
cen
K∗ and RK . The pulls for each scenario are also shown.
comparison:
(i) Cµµ9,NP = −1.20 : RlowK∗ = 0.89 , RcenK∗ = 0.83 , RK = 0.76 , pull = 6.2 ,
S3 Cµµ9,NP = −1.10 : RlowK∗ = 0.83 , RcenK∗ = 0.68 , RK = 0.77 , pull = 6.6 ,
(ii) Cµµ9,NP = −Cµµ10,NP = −0.62 : RlowK∗ = 0.85 , RcenK∗ = 0.73 , RK = 0.72 , pull = 6.3 ,
S1 Cµµ9,NP = −Cµµ10,NP = −0.57 : RlowK∗ = 0.82 , RcenK∗ = 0.66 , RK = 0.74 , pull = 6.5 ,
experiment : RlowK∗ = 0.66 , R
cen
K∗ = 0.69 , RK = 0.75 . (7)
We first compare scenarios (i) and S3, noting that pull[S3] > pull[(i)]. What is this due to? In the two scenarios, the
value of Cµµ9,NP is very similar, so that the contribution to the pull of the b→ sµ+µ− observables is about the same in
both cases. (Indeed, the dominant source of the large pull is NP in b→ sµ+µ−.) That is, the difference in the pulls
is due to the addition of NP in b→ se+e− in S3. Now, the b→ se+e− observablies in Table I have virtually no effect
on the pull; the important effect is the different predictions for RK(∗) . Above, we see that the prediction of scenario
S3 for RcenK∗ (R
low
K∗ ) is much (slightly) closer to the experimental value than that of scenario (i). (The predictions for
RK are essentially the same.) This leads to an increase of 0.4 in the pull. The comparison of scenarios (ii) and S1 is
similar.
We also note that, in all scenarios, the pull of the fits evaluated at the (68% C.L.) point that yields the smallest
value of RlowK∗ is only ∼ 0.2 smaller than the central-value pull. That is, if NP is added to the b → se+e− WCs, it
costs very little in terms of the pull to improve the agreement with the measured value of RlowK∗ .
In scenario S5 of Table II, when the NP is integrated out, the four-fermion operators [s¯γµPLb][µ¯γ
µPLµ] and
[s¯γµPLb][e¯γ
µPRe] are generated. That is, the NP couples to the LH quarks and µ, but to the RH e. In scenario S6,
one has the four-fermion operators [s¯γµPLb][µ¯γ
µPLµ] and [s¯γµPRb][e¯γ
µPRe], so that the NP couples to the LH quarks
and µ, but to the RH quarks and e. We have not included either of these among the satisfactory scenarios, since the
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NP in b→ sµ+µ− NP in b→ se+e− RlowK∗ RcenK∗ RK Pull
S8 Cµµ9,NP = −Cµµ10,NP Cee9,NP = −1.0± 1.0
= −0.52± 0.14 Cee10,NP = −0.81± 0.58 (0.79) 0.83 (0.61) 0.69 (0.69) 0.75 6.5
S9 Cµµ9,NP = −Cµµ10,NP C
′ee
9,NP = 1.00± 0.65
= −0.52± 0.12 C′ee10,NP = 1.24± 0.76 (0.75) 0.82 (0.53) 0.65 (0.79) 0.76 6.4
S10 Cµµ9,NP = −0.96± 0.22 Cee9,NP = −1.23± 1.01
Cµµ10,NP = 0.24± 0.22 Cee10,NP = −0.84± 0.53 (0.78) 0.84 (0.59) 0.71 (0.63) 0.75 6.8
S11 Cµµ9,NP = −1.08± 0.22 C
′ee
9,NP = 0.67± 0.91
Cµµ10,NP = 0.26± 0.22 C
′ee
10,NP = 1.04± 0.99 (0.77) 0.83 (0.55) 0.66 (0.77) 0.76 6.8
TABLE III. Scenarios with m (n) nonzero NP WCs (or combinations of WCs) in b→ sµ+µ− (b→ se+e−), with m ≥ 1, n ≥ 1
and m+ n > 2, that can generate a value for RlowK∗ within ∼ 1σ of its measured value. Predictions for RcenK∗ and RK , as well as
the pulls for each scenario, are also shown.
smallest value of RlowK∗ possible at 68% C.L. is 0.80 or 0.81, which are a bit larger than 1σ above the measured value
of RlowK∗ . However, it must be conceded that this cutoff is somewhat arbitrary, so that these scenarios, and others like
them, should be considered borderline.
Finally, in scenario S7 of Table II, the NP four-fermion operators are [s¯γµPLb][µ¯γ
µPLµ] and [s¯γµPLb][e¯γ
µPLe], i.e.,
the NP couples only to LH particles. This is a popular choice for model builders. However, here the smallest predicted
value for RlowK∗ is still almost 2σ above its measured value, so this cannot be considered a viable scenario.
II.1.2. Cases with more than 1 + 1 NP WCs
We now consider more general scenarios, in which there are m (n) nonzero NP WCs (or combinations of WCs) in
b→ sµ+µ− (b→ se+e−), with m ≥ 1, n ≥ 1 and m+ n > 2. As discussed in the introduction, we know that varying
the b → sµ+µ− NP WCs has little effect on RlowK∗ . We therefore fix these WCs to their central values and vary the
b → se+e− NP WCs within their 68% C.L.-allowed region to obtain the smallest predicted value of RlowK∗ . We find
that there are now many solutions that predict a value for RlowK∗ that is within roughly 1σ of its measured value. In
Table III we present four of these. Scenarios S8 and S9 have m = 1 and n = 2, while scenarios S10 and S11 have
m = n = 2.
We see that, despite having a larger number of nonzero independent NP WCs, at 68% C.L. these scenarios predict
similar values for RlowK∗ as the scenarios in Table II. Furthermore, the NP WCs that produce these values for R
low
K∗ also
predict values for RcenK∗ that are below its measured value. Finally, as was the case for scenarios with 1 + 1 NP WCs,
all scenarios here explain RexptK , even for values of the NP WCs that lead to a lower R
low
K∗ .
As was the case with the scenarios of Table II, here the pulls are again sizeable. And again, it is interesting to
compare similar scenarios without and with NP in b→ se+e−. Consider scenarios (iii) [Eq. (4)] and S10:
(iii) Cµµ9,NP = −1.10 , Cµµ10,NP = 0.28 : RlowK∗ = 0.87 , RcenK∗ = 0.74 , RK = 0.71 , pull = 6.6 ,
S10 Cµµ9,NP = −0.96 , Cµµ10,NP = 0.24 : RlowK∗ = 0.84 , RcenK∗ = 0.71 , RK = 0.75 , pull = 6.8 ,
experiment : RlowK∗ = 0.66 , R
cen
K∗ = 0.69 , RK = 0.75 . (8)
The values of the b → sµ+µ− NP WCs are very similar in the two scenarios, so that the difference in pulls is due
principally to the addition of NP in b→ se+e− in S10. Looking at RK(∗) , we see that the predictions of scenario S10
for RlowK∗ , R
cen
K∗ and RK are all slightly closer to the experimental values than the predictions of (iii). This leads to an
increase of 0.2 in the pull.
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II.2. Model-dependent Analysis
There are two types of NP models in which there is a tree-level contribution to b → sµ+µ−: those containing
leptoquarks (LQs), and those with a Z ′ boson. In this subsection, we examine these models with the idea of explaining
RlowK∗ by adding a contribution to b → se+e−. To be specific, we want to answer the question: can the scenarios in
Tables II and III be reproduced within LQ or Z ′ models? In the following, we examine these two types of NP models.
II.2.1. Leptoquarks
There are ten LQ models that couple to SM particles through dimension ≤ 4 operators [31]. There include five
spin-0 and five spin-1 LQs, denoted ∆ and V respectively. Their couplings are
L∆ = (y`u ¯`LuR + yeq e¯Riτ2qL)∆−7/6 + y`d ¯`LdR∆−1/6 + (y`q ¯`cLiτ2qL + yeu e¯cRuR)∆1/3
+ yed e¯
c
RdR∆4/3 + y
′
`q
¯`c
Liτ2~τqL · ~∆′1/3 + h.c.
LV = (g`q ¯`LγµqL + ged e¯RγµdR)V µ−2/3 + geu e¯RγµuRV µ−5/3 + g′`q ¯`Lγµ~τqL · ~V ′µ−2/3
+ (g`d ¯`Lγµd
c
R + geq e¯Rγµq
c
L)V
µ
−5/6 + +g`u ¯`Lγµu
c
RV
µ
1/6 + h.c., (9)
where, in the fermion currents and in the subscripts of the couplings, q and ` represent left-handed quark and lepton
SU(2)L doublets, respectively, while u, d and e represent right-handed up-type quark, down-type quark and charged
lepton SU(2)L singlets, respectively. The subscripts of the LQs indicate the hypercharge, defined as Y = Qem − I3.
In the above, the LQs can couple to fermions of any generation. To specify which particular fermions are involved,
we add superscripts to the couplings. For example, g′µs`q is the coupling of the ~V
′µ
−2/3 LQ to a left-handed µ (or νµ)
and a left-handed s (or c). Similarly, yebeq is the coupling of the ∆−7/6 LQ to a right-handed e and a left-handed b.
These couplings are relevant for b → sµ+µ− or b → se+e− (and possibly b → sνν¯). Note that the ∆1/3, V µ−5/3 and
V µ1/6 LQs do not contribute to b→ s`+`−. In Ref. [32], ~∆′1/3, V µ−2/3 and ~V ′µ−2/3 are called S3, U1 and U3, respectively,
and we adopt this nomenclature below.
In a model-dependent analysis, one must take into account the fact that, within a particular model, there may be
contributions to additional observables. In the case of LQ models, in addition to O
(′)``
9,10 (` = e, µ) [Eq. (1)], there may
be contributions to the lepton-flavour-conserving operators
O
(′)``
ν = [s¯γµPL(R)b][ν¯`γ
µ(1− γ5)ν`] ,
O
(′)``
S = [s¯PR(L)b][
¯`` ] , O
(′)``
P = [s¯PR(L)b][
¯`γ5`] . (10)
O
(′)``
ν contributes to b→ sν`ν¯`, while O(′)``S and O(′)``P are additional contributions to b→ s`+`−. There may also be
contributions to the lepton-flavour-violating (LFV) operators
O
(′)``′
9(10) = [s¯γµPL(R)b][
¯`γµ(γ5)`
′] ,
O
(′)``′
ν = [s¯γµPL(R)b][ν¯`γ
µ(1− γ5)ν`′ ] ,
O
(′)``′
S = [s¯PR(L)b][
¯`` ′] , O(′)``
′
P = [s¯PR(L)b][
¯`γ5`
′] , (11)
where `, `′ = e, µ, with ` 6= `′. O(′)``′9(10), O(′)``
′
S and O
(′)``′
P contribute to B
0
s → e±µ∓ and B → K(∗)e±µ∓. Using the
couplings in Eq. (9), one can compute which WCs are affected by each LQ. These are shown in Table IV for ` = `′ = µ
[31], and it is straightforward to change one µ or both to an e. Finally, there may also be a 1-loop contribution to the
LFV decay µ→ eγ:
O(L)Rγ = [e¯σµνPL(R)µ]Fµν . (12)
All LFV operators can arise if there is a single LQ that couples to both µ and e. However, if two different LQs couple
to µ and e, there are no contributions to LFV processes. Since the constraints from LFV processes are extremely
stringent, we therefore anticipate that it will be difficult to explain RlowK∗ in a model with a single LQ.
With this, we can answer the question of the introduction to this section: can the scenarios in Tables II and III be
reproduced within LQ models? We see that all LQ models have C9,NP = ±C10,NP and/or C ′9,NP = ±C ′10,NP for both
b → sµ+µ− and b → se+e−. However, for the first four scenarios in Table II, these relations do not hold, leading us
to conclude that these solutions cannot be reproduced with LQ models.
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LQ Cµµ9,NP C
µµ
10,NP C
′µµ
9,NP C
′µµ
10,NP
CµµS,NP C
′µµ
S,NP C
µµ
ν,NP C
′µµ
ν,NP
~∆′1/3 [S3] y
′µb
`q (y
′µs
`q )
∗ −y′µb`q (y′µs`q )∗ 0 0
0 0 1
2
y′µb`q (y
′µs
`q )
∗ 0
∆−7/6 − 12yµbeq (yµseq )∗ − 12yµbeq (yµseq )∗ 0 0
0 0 0 0
∆−1/6 0 0 − 12yµb`d (yµs`d )∗ 12yµb`d (yµs`d )∗
0 0 0 − 1
2
yµb`d (y
µs
`d )
∗
∆4/3 0 0
1
2
yµbed (y
µs
ed )
∗ 1
2
yµbed (y
µs
ed )
∗
0 0 0 0
V µ−2/3 [U1] −gµb`q (gµs`q )∗ gµb`q (gµs`q )∗ −gµbed (gµsed )∗ −gµbed (gµsed )∗
2gµb`q (g
µs
ed )
∗ 2(gµs`q )
∗gµbed 0 0
~V ′µ−2/3 [U3] −g′µb`q (g′µs`q )∗ g′µb`q (g′µs`q )∗ 0 0
0 0 −2g′µb`q (g′µs`q )∗ 0
V µ−5/6 g
µs
eq (g
µb
eq )
∗ gµseq (g
µb
eq )
∗ gµs`d (g
µb
`d )
∗ −gµs`d (gµb`d )∗
2gµs`d (g
µb
eq )
∗ 2(gµb`d )
∗gµseq 0 g
µs
`d (g
µb
`d )
∗
TABLE IV. Contributions of the different LQs to the b → sµ+µ− WCs of various operators. Only the V µ−2/3 and V µ−5/6 LQs
contribute to O
(′)
S,P , with C
′µµ
P (NP) = C
′µµ
S,NP. The b → se+e− WCs are obtained by changing µ → e in the superscripts. The
normalization K ≡ pi/(√2αGFVtbV ∗tsM2LQ) has been factored out. For MLQ = 1 TeV, K = −644.4.
On the other hand, scenario S5 of Table II (which is borderline) and the scenarios of Table III have no unprimed-
primed relations, so they can be explained with models involving several different types of LQ. For example, consider
scenario S9 of Table III: Cµµ9,NP = −Cµµ10,NP = −0.52, C
′ee
9,NP = 1.00, C
′ee
10,NP = 1.24. One way to obtain this is to combine
the following LQs: ~∆′1/3 with y
′µb
`q (y
′µs
`q )
∗ = −0.52, ∆−1/6 with 12yeb`d(yes`d)∗ = 0.12, and ∆4/3 with 12yebed(yesed)∗ = 1.12.
The other scenarios can be reproduced with similar combinations of LQs. Note that, since different LQs couple to µ
and e, there are no contributions to, and constraints from, LFV processes.
But this raises a modification of the question: using a model with a single type of LQ, are there scenarios in which
RlowK∗ can be explained with the addition of a contribution to b → se+e−? We begin with the b → sµ+µ− WCs. As
noted above, all LQ models have Cµµ9,NP = ±Cµµ10,NP and/or C ′µµ9,NP = ±C ′µµ10,NP. However, it has been shown that, of
these four possibilities, the model must include Cµµ9,NP = −Cµµ10,NP to explain the b → sµ+µ− data [33]. This implies
that only the S3, U1 and U3 LQ models are possible. Turning to the b → se+e− WCs, for S3 and U3 the only
possibility is Cee9,NP = −Cee10,NP, meaning that the LQ couplings involve only LH particles. But scenario S7 of Table
II shows that this choice of NP WCs cannot explain RlowK∗ , so S3 and U3 are excluded.
This leaves the U1 LQ model as the only possibility. Its analysis has the following ingredients:
• b → sµ+µ−: The WCs for U1 must include Cµµ9,NP = −Cµµ10,NP. In principle, C ′µµ9,NP = +C ′µµ10,NP could also be
present. However, if these primed WCs are sizeable, so too are the scalar WCs CµµS,NP and C
′µµ
S,NP (see Table
IV). The problem is that the scalar operators O
(′)µµ
S [Eq. (10)] contribute significantly to B
0
s → µ+µ− [34], so
that the present measurement of B(B0s → µ+µ−) [35, 36], in agreement with the SM, puts severe constraints
on C
(′)µµ
S,NP , and hence on C
′µµ
9,NP = +C
′µµ
10,NP. For this reason, we keep only C
µµ
9,NP = −Cµµ10,NP as the nonzero
b→ sµ+µ− NP WCs.
• b→ se+e−: For the WCs, one can have Cee9,NP = −Cee10,NP, C ′ee9,NP = C ′ee10,NP, or both. The first case is excluded
(see scenario S7 of Table II). The second case is allowed, but gives only a borderline result (see scenario S6 of
Table II). This leaves the third case, with two independent combinations of WCs in b→ se+e−. As above, here
the scalar operators O
(′)ee
S are generated, so the constraint B(B0s → e+e−) < 2.8 × 10−7 (90% C.L.) [37] must
be taken into account. Table IV shows that all b → se+e− WCs can be written as functions of the four LQ
couplings geb`q , g
es
`q , g
eb
ed and g
eb
ed.
• b→ sν`ν¯`(′) : As can be seen in Table IV, the U1 LQ model has C(′)µµν,NP = 0, so there are no additional constraints
from b→ sν`ν¯`(′) .
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Observables Measurement
B(B+ → K+µ+e−) (−12.1+7.4−5.0 ± 2.3)× 10−8 [39]
B(B+ → K+µ−e+) (−2.9+7.4−4.4 ± 1.9)× 10−8 [39]
B(B → K∗µ−e+) (7.0+23−13 ± 5)× 10−8 [39]
B(B → K∗µ+e−) (−7.0+22−14 ± 7)× 10−8 [39]
B(B+ → K∗+µ−e+) (9.0+65−44 ± 22)× 10−8 [39]
B(B+ → K∗+µ+e−) (−32+63−38 ± 15)× 10−8 [39]
B(Bs → µ±e∓) < 6.3× 10−9 (95% C.L.) [40]
B(µ→ eγ) < 4.2× 10−13 (90% C.L.) [37]
TABLE V. Measurements of LFV observables.
• LFV processes:
– b→ se+µ−: The nonzero WCs are
Ceµ9,NP = −Ceµ10,NP = −gµb`q (ges`q )∗ , CeµS,NP = 2gµb`q (gesed)∗ . (13)
– b→ sµ+e−: The nonzero WCs are
Cµe9,NP = −Cµe10,NP = −geb`q(gµs`q )∗ , C ′,µeS,NP = 2(gµs`q )∗gebed . (14)
– µ→ eγ: The WCs are [38]
CLγ =
eNcmµ
16pi2M2LQ
1
6
(geb`qg
µb
`q + g
es
`qg
µs
`q ) , C
R
γ = 0 . (15)
The experimental measurements of the LFV observables are given in Table V.
The analysis of the U1 LQ therefore involves a fit with six unknown parameters: g
µb
`q , g
µs
`q , g
eb
`q , g
es
`q , g
eb
ed and g
es
ed.
We fix Cµµ9,NP = −Cµµ10,NP = 644.4 gµb`q (gµs`q )∗ to its central value, −0.62 [Eq. (3)]. For simplicity, we assume that all
couplings are real and take gµb`q = −gµs`q = 0.03. The best-fit values and (correlated) errors of the four unknown
couplings are found to be
geb`q = −0.01± 0.05 , ges`q = −0.007± 0.030 , gebed = 0.003± 0.002 , gesed = 3.0× 10−4 ± 0.02 . (16)
The LFV constraints are clearly very stringent, as the central values of the couplings are all very near zero. The errors
are larger, but, even so, when the couplings are varied within their 68% C.L.-allowed region, the smallest predicted
value of RlowK∗ is 0.82, which is quite a bit larger than 1σ above its measured value. If different values of g
µb
`q and
gµs`q are chosen, all the while satisfying 644.4 g
µb
`q (g
µs
`q )
∗ = −0.62, the best-fit values and errors of the couplings are of
course different. However, we have verified that the prediction for RlowK∗ does not improve.
We therefore conclude that the experimental result for RlowK∗ cannot be explained within the U1 LQ model alone.
More generally, this result cannot be explained using a model with a single type of LQ.
II.2.2. Z′ gauge bosons
A Z ′ is typically the gauge boson associated with an additional U(1)′. As such, in the most general case, it has
independent couplings to the various pairs of fermions. As we are focused on b→ sµ+µ− and b→ se+e− transitions,
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the couplings that interest us are gsbL , g
sb
R , g
µ
L, g
µ
R, g
e
L and g
e
R, which are the coefficients of (s¯γ
µPLb)Z
′
µ, (s¯γ
µPRb)Z
′
µ,
(µ¯γµPLµ)Z
′
µ, (µ¯γ
µPRµ)Z
′
µ, (e¯γ
µPLe)Z
′
µ and (e¯γ
µPRe)Z
′
µ, respectively. We define g
`
V ≡ g`R + g`L and g`A ≡ g`R − g`L
(` = µ, e). We can then write
Cµµ9,NP = K g
sb
L g
µ
V , C
µµ
10,NP = K g
sb
L g
µ
A , C
′µµ
9,NP = K g
sb
R g
µ
V , C
′µµ
10,NP = K g
sb
R g
µ
A ,
Cee9,NP = K g
sb
L g
e
V , C
ee
10,NP = K g
sb
L g
e
A , C
′ee
9,NP = K g
sb
R g
e
V , C
′ee
10,NP = K g
sb
R g
e
A , (17)
where
K ≡ pi/(
√
2αGFVtbV
∗
tsM
2
Z′) = −644.4 (for MZ′ = 1 TeV) . (18)
Given that there are six couplings and eight WCs, there must be relations among the WCs. They are
Cµµ9,NP
C ′µµ9,NP
=
Cµµ10,NP
C ′µµ10,NP
=
Cee9,NP
C ′ee9,NP
=
Cee10,NP
C ′ee10,NP
. (19)
In general, other processes may be affected by Z ′ exchange, and these produce constraints on the couplings. One
example is B0s -B¯
0
s mixing: since the Z
′ couples to s¯b, there is a tree-level contribution to this mixing. When the Z ′
is integrated out, one obtains the four-fermion operators
(gsbL )
2
2M2Z′
(s¯Lγ
µbL) (s¯LγµbL) +
(gsbR )
2
2M2Z′
(s¯Rγ
µbR) (s¯RγµbR) +
gsbL g
sb
R
M2Z′
(s¯Lγ
µbL) (s¯RγµbR) , (20)
all of which contribute to B0s -B¯
0
s mixing. We refer to these as the LL, RR and LR contributions, respectively. The
LL term has been analyzed most recently in Ref. [41]. There it is found that the comparison of the measured value
of B0s -B¯
0
s mixing with the SM prediction implies
gsbL
MZ′
= ±(1.0+2.0−3.9)× 10−3 TeV−1 . (21)
The RR term yields a similar constraint on gsbR . The LR contribution has been examined in Ref. [42] – the constraint
one obtains on gsbL g
sb
R is satisfied once one imposes the above individual constraints on g
sb
L and g
sb
R . (We note in
passing that the model in Ref. [43] is constructed such that all contributions to B0s -B¯
0
s mixing vanish.)
The coupling of the Z ′ to µ+µ− can be constrained by the measurement of the production of µ+µ− pairs in
neutrino-nucleus scattering, νµN → νµNµ+µ− (neutrino trident production). Ref. [41] finds
gµµL
MZ′
= 0± 1.13 TeV−1 . (22)
The constraint on gµµR is much weaker, since it does not interfere with the SM. Note that, with g
sb
L,R
<∼ O(10−3) and
gµµL.R = O(1), the expected sizes of the b→ sµ+µ− NP WCs are C(′)µµ9,10,NP <∼ 0.6, which is what is found in the various
scenarios.
With the relations in Eq. (19), it is straightforward to verify that the first four scenarios in Table II cannot be
reproduced with the addition of a Z ′. For example, in scenario S1 of the Table, C ′µµ9,10,NP = 0, which can occur only if
gsbR = 0. This then implies C
′ee
10,NP = 0, in contradiction with the nonzero value of C
′ee
10,NP required in this scenario. A
similar logic applies to solutions S2, S3 and S4 in Table II. On the other hand, scenario S5, which is borderline, can
be produced within a Z ′ model – all that is required is that gsbR , g
µ
R and g
e
L vanish.
Turning to Table III, scenarios S9 and S11 cannot be explained by a Z ′ model for the same reason. On the other
hand, the addition of a Z ′ can reproduce scenarios S8 and S10, which involve only unprimed WCs.
Finally, we consider more general scenarios involving all eight WCs, taking into account the relations in Eq. (19).
With six independent couplings, there are a great many possibilities to consider. We first try 1 + 1 scenarios:
(1a)gsbL = g
sb
R , g
µ
V = −gµA , geV = −geA
=⇒ Cµµ9,NP = −Cµµ10,NP = C ′µµ9,NP = −C ′µµ10,NP , Cee9,NP = −Cee10,NP = C ′ee9,NP = −C ′ee10,NP ,
(1b)gsbL = −gsbR , gµV = −gµA , geV = −geA (23)
=⇒ Cµµ9,NP = −Cµµ10,NP = −C ′µµ9,NP = C ′µµ10,NP , Cee9,NP = −Cee10,NP = −C ′ee9,NP = C ′ee10,NP .
However, neither of these gives a good fit to the data. This is due to the b→ sµ+µ− NP WCs: it is well known that,
in order to explain the data, the NP must be mainly in Cµµ9,10,NP, which have a left-handed coupling to the quarks
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NP in b→ sµ+µ− NP in b→ se+e− RlowK∗ RcenK∗ RK Pull
S12 Cµµ9,NP = −Cµµ10,NP Cee9,NP = −Cee10,NP
= −0.61± 0.11 = 0.08± 0.20
C′µµ9,NP = −C′µµ10,NP C′ee9,NP = −C′ee10,NP
= 0.16± 0.09 = −0.03± 0.20 (0.76) 0.82 (0.53) 0.65 (0.79) 0.77 6.6
S13 Cµµ9,NP = −Cµµ10,NP Cee9,NP = Cee10,NP
= −0.69± 0.12 = −0.20± 0.69
C′µµ9,NP = −C′µµ10,NP C′ee9,NP = C′ee10,NP
= 0.14± 0.08 = 0.14± 0.97 (0.76) 0.82 (0.52) 0.63 (0.75) 0.74 6.5
TABLE VI. Z′-model scenarios that can generate a value for RlowK∗ within 1σ of its measured value. Predictions for R
cen
K∗ , RK
and the pull are also shown.
[44]. The right-handed NP WCs C ′µµ9,10,NP may be nonzero, but they must be smaller than C
µµ
9,10,NP, which is not the
case above.
In light of this, we try the following 2 + 2 scenarios:
(2a)gsbL , g
sb
R free , g
µ
V = −gµA , geV = −geA
=⇒ Cµµ9,NP = −Cµµ10,NP , C ′µµ9,NP = −C ′µµ10,NP , Cee9,NP = −Cee10,NP , C ′ee9,NP = −C ′ee10,NP ,
(2b)gsbL , g
sb
R free , g
µ
V = −gµA , geV = geA (24)
=⇒ Cµµ9,NP = −Cµµ10,NP , C ′µµ9,NP = −C ′µµ10,NP , Cee9,NP = Cee10,NP , C ′ee9,NP = C ′ee10,NP .
For both of these cases, we find that a value for RlowK∗ is predicted within roughly 1σ of its measured value. The details
are shown in Table VI.
III. EFFECTS OF NEW PHYSICS IN b→ se+e−
III.1. RK(∗) Predictions
In the introduction it was noted that NP in b → se+e− is independent of q2. That is, the effect on RK should be
the same, regardless of whether 0.045 ≤ q2 ≤ 1.1 GeV2 (low), 1.1 ≤ q2 ≤ 6.0 GeV2 (central) or 15.0 ≤ q2 ≤ 19.0 GeV2
(high), and similarly for RK∗ . In fact, this is not completely true. At low q
2, the mµ−me mass difference is important
for RK∗ (which is why the SM predicts R
low
K∗ ' 0.93, but Rcen,highK∗ = 1 [19]). In addition, photon exchange plays a
more important role at low q2 than in higher q2 bins. As a result the correction due to NP in b → se+e− will be
different for RlowK∗ than it is for R
cen,high
K∗ . However, this does not apply to RK – the NP effects are the same for all
q2 bins.
To see this explicitly, below we present the numerical expressions for RK(∗) as linearized functions of the WCs.
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These are obtained using flavio [19].
RlowK∗ ' 0.93 + 0.04
(
Cµµ9,NP − Cee9,NP
)
− 0.09
(
Cµµ10,NP − Cee10,NP
)
− 0.07
(
Cµµ9′,NP − Cee9′,NP
)
+ 0.08
(
Cµµ10′,NP − Cee10′,NP
)
,
Rcen,highK∗ ' 1.0 + 0.18
(
Cµµ9,NP − Cee9,NP
)
− 0.29
(
Cµµ10,NP − Cee10,NP
)
− 0.19
(
Cµµ9′,NP − Cee9′,NP
)
+ 0.22
(
Cµµ10′,NP − Cee10′,NP
)
,
Rlow,cen,highK ' 1.0 + 0.24
(
Cµµ9,NP − Cee9,NP
)
− 0.26
(
Cµµ10,NP − Cee10,NP
)
+ 0.24
(
Cµµ9′,NP − Cee9′,NP
)
− 0.26
(
Cµµ10′,NP − Cee10′,NP
)
. (25)
We see that the expression for RlowK∗ is different from that for R
cen,high
K∗ . The coefficients of the various terms are larger
in Rcen,highK∗ than in R
low
K∗ . Still, they have the same signs, suggesting that the effect of NP in b → se+e− is to lower
(or increase) the values of both RlowK∗ and R
cen,high
K∗ . (However, since there are several terms, of differing signs, this
need not always be the case.) For RK , the expressions are essentially the same for the low, central and high ranges of
q2. And since some of the coefficients of the various terms in Rlow,cen,highK have different signs than in R
low,cen,high
K∗ ,
the effect on RK of NP in b→ se+e− is uncorrelated with its effect on RK∗ .
This is then a prediction. If the small experimental measured value of RlowK∗ is due to the presence of NP in
b→ se+e−, we expect that future measurements will find RcenK∗ = RhighK∗ and RlowK = RcenK = RhighK . (This is a generic
prediction of any q2-independent NP.)
III.2. Q4,5 Predictions
RK and RK∗ are Lepton-Flavour-Universality-Violating (LFUV) observables. Any explanation of their measured
values can be tested by measuring other LFUV observables, such as Qi ≡ P ′µµi − P ′eei (i = 4, 5). Here, P ′``i are
extracted from the angular distribution of B → K∗`+`−. Q4,5 have been measured at Belle [25]. The results for
1.0 ≤ q2 ≤ 6.0 GeV2 are
Q4 = 0.498± 0.527± 0.166 , Q5 = 0.656± 0.485± 0.103 . (26)
At present, the errors are still very large.
The numerical expressions for these quantities as linearized functions of the WCs are [19]
Q4 ' −0.03
(
Cµµ9,NP − Cee9,NP
)
+ 0.05
(
Cµµ10,NP − Cee10,NP
)
+ 0.03
(
Cµµ9′,NP − Cee9′,NP
)
− 0.11
(
Cµµ10′,NP − Cee10′,NP
)
,
Q5 ' −0.24
(
Cµµ9,NP − Cee9,NP
)
− 0.03
(
Cµµ10,NP − Cee10,NP
)
− 0.06
(
Cµµ9′,NP − Cee9′,NP
)
+ 0.22
(
Cµµ10′,NP − Cee10′,NP
)
. (27)
The coefficients of the various terms are generally larger in Q5 than in Q4, suggesting that the NP effect on Q5 will
be more important.
Indeed, a future precise measurement of Q5 will give us a great deal of information. In Fig. 1 we present the
predictions for Q5 of the various scenarios described in Tables II, III and VI, as well as scenarios (i), (ii), (iii) and (iv)
[Eqs. (3), (4) and (6)]. We superpose the present Belle measurement [Eq. (26)]. We see the following:
• Certain scenarios (e.g., S2, S8, S10, S13) predict a rather wide range of values of Q5. However, for the other
scenarios, the predicted range is fairly small, so that, if Q5 is measured reasonably precisely, we will be able
to exclude some of them. In other words, a good measurement of Q5 will provide an important constraint on
scenarios constructed to explain RlowK∗ via the addition of NP in b→ se+e−.
• If there is NP only in b→ sµ+µ− [scenarios (i), (ii), (iii) and (iv)], Q5 is predicted to be positive. This is due to
the fact that, in all four scenarios, Cµµ9,NP is large and negative. If Q5 were found to be negative, this would be
a clear signal that NP only in b→ sµ+µ− is insufficient. And indeed, several scenarios with NP in b→ se+e−
allow for Q5 < 0 within their 68% C.L. ranges.
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FIG. 1. Predicted range of values of Q5 for each of the scenarios in Tables II, III and VI, as well as scenarios (i), (ii), (iii) and
(iv) [Eqs. (3), (4) and (6)]. The 1σ range of the present measurement of Q5 [Eq. (26)] is superposed.
III.3. LFUV and LFU New Physics
As noted above, RK and RK∗ are LFUV observables. On the other hand, the processes B → K∗µ+µ− and
B0s → φµ+µ− are governed by b → sµ+µ− transitions. The associated observables are Lepton-Flavour Dependent
(LFD). In order to explain the anomalies in B decays, most analyses have assumed NP only in b → sµ+µ−, i.e.,
purely LFUV NP. Recently, in Ref. [24], it is suggested to modify the NP paradigm by considering in addition
Lepton-Flavour-Universal (LFU) NP. The LFUV observables are then explained by the LFUV NP, while the LFD
observables are explained by LFUV + LFU NP. Numerous scenarios are constructed with both LFUV and LFU NP
that explain the data as well as scenarios with only LFUV NP.
In Ref. [24], the addition of LFU NP was not a necessity, but was seen as a logical possibility. In the present
paper, we add NP in b → se+e− specifically with the aim of improving the explanation of the measured value of
RlowK∗ . Technically, this is not LFU NP, but it can be made so by including equal WCs in b→ sτ+τ− transitions. All
our scenarios can be translated into LFUV + LFU NP. Conversely, the scenarios of Ref. [24] can be translated into
b→ sµ+µ− NP + b→ se+e− NP. As such, the two papers are complementary to one another.
Here is an example. Ref. [24] performs the analysis in terms of the LFUV WCs CVi` and the LFU WCs C
U
i (i = 9, 10,
` = e, µ). Without loss of generality, they set CVie = 0. In the most general case, where all four WCs are free, the
best-fit values of the WCs are found to be
CV9µ = 0.08 , C
V
10µ = 1.14 , C
U
9 = −1.26 , CU10 = −0.91 . (28)
Converting these to b→ sµ+µ− and b→ se+e− WCs, one obtains
Cµµ9,NP = −1.18 , Cµµ10,NP = 0.23 , Cee9,NP = −1.26 , Cee10,NP = −0.91 . (29)
These are to be compared with the best-fit values of the WCs in scenario S10 of Table III. The agreement is excellent.
We therefore see that our scenario S10 is equivalent to the most general LFUV/LFU scenario of Ref. [24]. That is,
this LFUV/LFU scenario can explain the measured value of RlowK∗ .
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Now, we have found a number of other scenarios which can account for RlowK∗ . However, they involve the WCs
C ′ee9,NP and/or C
′ee
10,NP. In Ref. [24], the focus was on LFUV NP only in C
µµ
9,10,NP. We have given a motivation for
also considering LFUV NP in C ′ee9,10,NP. Indeed, from a mdel-building point of view, it is quite natural to have both
unprimed and primed NP WCs.
IV. CONCLUSIONS
There are presently disagreements with the predictions of the SM in the measurements of several observables in
B → K∗µ+µ− and B0s → φµ+µ− decays, and in the LFUV ratios RK and RK∗ . Combining the various B anomalies,
analyses find that the net discrepancy with the SM is at the level of 4-6σ. It is also shown that, by adding NP only
to b → sµ+µ−, one can get a good fit to the data. However, not all discrepancies are explained: there is still a
disagreement of >∼ 1.7σ with the measured value of RK∗ at low values of q2. Of course, from the point of view of a
global fit, this disagreement is not important. Still, it raises the question: if the true value of RlowK∗ is near its measured
value, what can explain it?
If there is NP in b → sµ+µ−, it would not be at all surprising if there were also NP in b → sµ+µ−. In this
paper, we show that, if NP in b → se+e− transitions is also allowed, one can generate values for RlowK∗ within ∼ 1σ
of its measured value. We have constructed a number of different scenarios (i.e., sets of b → sµ+µ− and b → se+e−
Wilson coefficients) in which this occurs. Some have one NP WC (or combination of WCs) in each of b → sµ+µ−
and b→ se+e−, and some have more NP WCs (or combinations of WCs) in b→ sµ+µ− and/or b→ se+e−.
The analysis is done in part using a model-independent, effective-field-theory approach. When one has NP only in
b→ sµ+µ−, a popular choice is Cµµ9,NP = −Cµµ10,NP, i.e., purely LH NP couplings. We find that, if the NP couplings in
b→ se+e− are also purely LH, i.e., Cee9,NP = −Cee10,NP, RlowK∗ can not be explained. b→ se+e− NP couplings involving
the RH quarks and/or leptons must be involved.
With NP in both b → sµ+µ− and b → se+e−, one has a better agreement with the data, leading to a bigger pull
with respect to the SM. Even so, to get a prediction for RlowK∗ within ∼ 1σ of its measured value, one has to use
b→ se+e− WCs that are not the best-fit values, but rather lie elsewhere within the 68% C.L. region. At the level of
the goodness-of-fit, this costs very little: the pull is reduced only by 0.2 (i.e., a few percent).
We also perform the analysis using specific models. We find that, with the addition of b → se+e− NP couplings,
the measured value of RlowK∗ can be explained within a model that includes several different types of leptoquark, or
with a model containing a Z ′ gauge boson.
Finally, NP in b → se+e− is independent of q2. For each scenario, we can predict the values of RK∗ and RK
to be found in other q2 bins. We also show that a future precise measurement of Q5 ≡ P ′µµ5 − P ′ee5 will help in
distinguishing the various scenarios. It can also distinguish scenarios with NP only in b→ sµ+µ− from those in which
NP in b→ se+e− is also present.
Note added: recently, at Moriond 2019, LHCb presented new RK results [45] and Belle presented its measurement
of RK∗ [46]. Following these announcements, global fits using the new data were performed in Refs. [47–52], and it
was found that the discrepancy with the predictions of the SM is still sizeable. In three of these studies [47, 50, 51],
separate fits to the b→ sµ+µ− and RK(∗) data were performed. The result was that there is now a tension between
these two fits: under the assumption that NP enters only in b → sµ+µ−, the best-fit values of the NP WCs differ
by >∼ 1σ. This tension can be removed by also allowing for NP in b → se+e−. In Ref. [50], the additional NP
contributions appear only in b → se+e−, while in Refs. [47, 51], lepton-flavour-universal NP contributions to both
b→ sµ+µ− and b→ se+e− are added.
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